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ABSTRACT

Researchcontinuedon the developmentof a nondestructiveevaluation

• techniquefor inspectingbonds on the space shuttleorbiterthermal

protectionsystem tiles. The approachtaken use_ a noncontactinglaser

sensorto measure the vibrationalresponseof bonded tiles to acoustical
f

excitation. Laboratorywork concentratedon investigatingthe dynamic

responseof "acreage"tiles, i.e., tiles coverinqthe undersideof the

orbiter,all approximatelysquare. A numberof promisingunbond signatures

have been identifiedin the time and frequencydomain response. Field tests

were conductedto study environmentaleffectson the techniquesbeing

developed. The ambientmotion of the orbiterwas found to be largerthan

expected,necessitatingmodificationsto currenttechniques.
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SUMMARY

Phase II of this researchto developa viableNDE techniquefor the

inspectionof the space shuttleorbiterthermalprotectionsystem (TPS)tile

bonds has resultedin severalsignificantaccomplishments.The research
i

methodsemployed in this phase are a refinementof those used in Phase I; a

noncontactinglaser sensorwas used to measurethe vibrationalresponseof

tiles to acousticalexcitation. This phase concentratedon developingan

empiricalunderstandingof the bonded and unbondedvibrationsignaturesof

the acreagetiles that cover the undersideof the orbiter. These tiles are

all approximatelysquarewith similardimensions. Controlledexperiments

using identicalacreagetiles providedby Lockheedhave found several

candidatesignaturescommon to all these tiles. This degree of consistency

in the tile dynamic responseprovesthat an unbondcan be detected for a

known tile and establishesthe basis for extendingthe analysiscapabilityto

arbitrarytiles for which there is no historicaldata.

Field tests of the noncontactinglaser acousticsensor systemwere also

conductedto establishthe vibrationalenvironmentof the OrbiterProcessing

Facility(OPF)and its effecton the measurementand analysistechniques

being developed. The data collectedshowedthat on orbiterlocationssuch as

the body flap and elevon,the data analysisschemeand/orthe sensorwill

requiremodificationto accommodatethe ambientmotion. Severalmethodsfor

accomplishingthis have been identified. It was establishedthat the tile

responsein the field is similarto that observedin the laboratory. Of most

importance,however,is that the field environmentwill not affect the

physicsof the dynamic responsethat is relatedto bond condition. All of

this informationis fundamentalto any futuredesign and developmentof a

prototypetile inspectionsystem.

The resultsof this phase of work indicatethat the technologybeing

developedwill ultimatelybe capableof verifyingbond integrityon some or

all of the TPS tiles. It is even possibleto define best and worst case

prospectsfor such a systemat this point. The optimalcase would be a

system that could completelyverify the bond integrityon any arbitrarytile

iii
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withoutbenefitof previoushistory. The minimalsystemwould allow bond

verificationof newly bonded tiles and tiles on which a historyof the

vibrationsignaturehad been collected.

iv

1989015886-006



CONTENTS

ABSTRACT.............................................................. ii

SUMMARY............................................................... iii

INTRODUCTION.......................................................... I

DEVELOPMENTOF ACOUSTO-OPTICTECHNIQUES............................... 3

Understanding Sensor Response ................................... 3

Long Focal Length Optics ........................................ 4

TILE RESPONSESTUDIES................................................. 6

VacuumChuck .................................................... 6

Tile Bond Analysis .............................................. 8

DownwardFrequency Shift of Rigid Body Modes ............... I0

Median Frequency I .................................... II
Amplitude Moment I .................................... 11
Median Frequency II ................................... 12
Amplitude Moment II ................................... 12

Amplitude of the Vibrational Response ...................... 21

Elongation of Initial Oscillations in Transient
Tile Response .............................................. 24

Asymmetrical response characteristics in unbonded tiles .... 25

Filler Bar ...................................................... 28

Glass Coating ................................................... 28

Water Ingress ................................................... 31

SIP Aging ....................................................... 31

Modeling ........................................................ 34

FIELD TESTS ........................................................... 40

CONCLUSIONSFROMPHASEII WORK........................................ 42

RECOMMENDATIONSFORPHASEIII WORK.................................... 44

REFERENCES............................................................ 46

1989015886-007



FIGURES

I. Vacuum chuck ......................................................7

2. Vacuum chuck repeatabilitytest ...................................8

3. Frequencyand time domain responsesfor four vacuum readings
• at the vacuumchuck ...............................................9

4. Downwardfrequencyshifts as unbondingincreases.................. 11

5. Vibrationmeasurementpoints ......................................13

6. Four methodsof calculatingcenterfrequencyappliedto
data collectedfrom the top centerpoint of tile 9073 ............. 14

7. Four methodsof calculatingcenterfrequencyap!_liedto data
collectedfrom the center point of tile 9073 ...................... 15

8. Four methodsof calculatingcenterfrequencyappliedto data
collectedfrom the lower center point of tile 9013 ................ 16

g. Calculatedcenter frequencyas a functionof percentunbond
for the top center point of the three pedigreetiles .............. 17

10. Calculatedcenter frequencyas a functionof percentunbond
for the centerpoint of the three pedigreetiles .................. 18

11. Calculatedcenterfrequencyas a functionof percentunbond
for the lower center point of the three pedigreetiles ............ 19

12. Effectsof unbondon amplitude....................................22

13 Effectsof locationof unbondon amplitude........................23

14 Effectsof unbondon initialoscillations.........................24

15 Effectsof samplepoint location..................................26

16 Speakerpositioneffects,tile 9074, top right point .............. 27

17 Filler bar effects................................................29

18 Effectsof glass coating ..........................................30

" 19 Water injectionpoints ............................................32

20 Water ingresstest data ...........................................33

21 SIP aging .........................................................35

TABLE

I. Variationsin Rigid Body VibrationFrequencywith
Changes in Mass ...................................................39

vi

1989015886-008



NDEOF THE SPACESHUTTLEORBITERTHERMALPROTECTIONSYSTEM

PHAS_II FINAL R_PORT

INTRODUCTION

It is necessaryto nondestructivelyevaluatethe bond integrityu_ [he

thermalprotectionsystem (TPS) tiles of the space shuttleorbiter. Oepe_teZ

missionscan degradethe bond integritythroughheat and moisturedeg:aac'_un

of the elements in the bondingsystem. Due to the unique natureof the fiber

compositetile and the flexiblestrain isolationpad (SIP),conventionalNDE

techniquesare inadequate. DiscussionsbetweenNationalAeronauticsand

Space Administration KennedySpace Center (NASA-KSC)and the Idaho National

EngineeringLaboratory(INEL)in late 1984 led to a phased researchprogram

to investigatewhetheraporoachesdevelopedat the INEL in other work could

be reducedto a practicalinspectiontechnology. Work was begun on the

projectin February1986.

Three importantconclusionsresultedfrom Phase I work on this project:

I. Noncontactingacousto-opticsensingis a feasiblemeans of measuringthe

vibrationalresponseof the TPS tiles to acousticalexcitation.

2. Unbondsaffect the vibrationalresponsein a measurableway.

3. Small variationsin tile geometryresult in quite differentresponse

characteristics.

Phase II of this projecthad two basic objectives:

- I. Continuedevelopmentof the sensingtechnologyto the point where

preliminaryfield measurementson the Orbitercould be made.
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2. Advance the state of understanding of the physics of tile vibration and

vibration measurement to the point where an informed decision could be

made whether or not the approach is viab]e for fie]d detection of real

flaws on the Orbiter TPS.

These goals were both achieved. This reportdiscussesthe work performed

during Phase II and proposesobjectivesfor Phase Ill.
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DEVELOPMENTOF ACOUSTO-OPTICTECHNIQUES

Phase II has seen importantprogressin the area of sensordevelopment.

There is now a much better understandingof the sensorcapabilitiesand

limitations. The sensorresponsehas been modeledand verifiedwith

- experimentsusing the piezo pusher. In additionto this, a long focal length

lens has been developedwhich allowsdata collectionfrom up to 10 m away.

UnderstandinqSensor Response

The laser cavityresponseto light scatteredfrom vibratingsurfaceshas

been successfullymodeled. The model is being used tc study improvedmethods

for extractingthe vibrationsignal. The model has also been used to explain

severalcharacteristicsof the signalthat arisewhen the vibrationamplitude

exceedshalf the light wavelength. This understandingwill result in

improvedperformanceof the existinghardwareand possiblydevelopmentuf an

improvedservo scheme that will allow the sensorto accommodatelarge

amplitudevibrations,such as the ambientvibrationsencounteredin the

OrbiterProcessingFacility(OPF).

Under most conditionsthe sensorresponsecan be approximatedby:

v = A + Bcos(2k[s+ 6s])

where

v is the measuredvoltageof the laser servomechanism,

A and B are constants,

k is the angularwavenumber,

s is the distanceto the sampleat rest, anc

6s is the vibrationaldisplacementof the sample.

Rewritingthe equationas

v - cos(2ks)cos(2k6s)- sin(2ks)sin(2k6s),

3
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it is clear that v will be linearlyproportionalto displacement,6s,

onlywhen (a) 6s is small comparedto the wavelengthof light and (b) the

distanceto the sampleat rest, s, obeys the followingcondition:

s - (N + ½)_/2k .

That is, s is an integralnumber of quarterwavelengthsplus I/8 wavelength.

If these criteriaare met, then the equationfor the sensorresponsebecomes

v - -2k6s(-])N

If the criteriaare violated,then nonlineareffectsare predicted.

These predictedeffectshave been observed. Frequencydoublinghas been

observedwhen the vibrationdisplacement,6s, approachesthe magnitudeof

a wavelengthof laser light. Signal attenuationand frequencydoublingare

observedwhen the "at rest" distanceto the sampleviolatesthe condition

describedabove.

This understandingof the cavity responseof the laser sensor has led to

an understandingof the problemsassociatedwith collectingdata from

surfaceswith large ambientvibration. With this understanding,methodscan

and have been formulatedfor dealingwith these problems. An externalcavity

schemehas been proposedthat would keep the opticalpath length to the

targetconstant, this would ensure that the laser is always at its linear

operatingpoint. A schemefor collectingdata only at turn around points in

the ambientmotionhas also been proposed.

Lonq Focal LenqthOptics

A most importantdevelopmentwas the implementationof a lensing

arrangementthat allowsup to 10 m of workingdistancebetweenthe tiles and

the measurementsystem. This was accomplishedby increasi,Jgthe focal length

of the opticswhile maintainingequivalentlight gatheringcapabilities. In

order to obtain an adequatesignal using the frequencystabilizedHeNe laser,

an adequateamountof light must be collected. In addition,the sensingbeam

must be focusedto a spot size at the tile surfacethat is small enough to

avoid averagingout of the displacementover the spot diameter.

4
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The initialdata collectionwas accomplishedusing a 100 mm focal length

lens. This particularlens providedan adequatesignal-to-noiseratio and

the data collectedwith it establisha baselineopticalcollection

capability. The calculatedvaluesof this baselineare a spot size (beam

waist) at the tile surfaceof 102 _m and a collectioncapabilityof

• f/125.

The problemin achievinga long standoffdistanceis essentiallyone of

imagingthe primarybeam waist (locatedwithinthe lasingcavity)at the tile

surface. Therefore,it can be seen that the problemis one of

magnification. In evaluatingthis situationthe previouslymentioned

criteriafor adequatesignalproductionmust be kept in mind. The optical

configurationfor the long standoffaccordinglyuses two elements,a -5 mm

focal length lens and a 150 mm compoundlens. The -5 mm focal lengthlens

producesa virtualbeam waist with a 6.5 _m diameterand simultaneously

shortensthe Rayleighrange of the laser,allowingthe beam waist to be

imagedat the tile surfacewith a smalldiameter. Using the compoundlens,

the virtualbeam waist is imagedat the tile surfacewith a calculated

diameterof 124 /_m. The combinedeffectof the two opticalelementsis

to producea small spot size at the tile with a collectioncapabilityof

f/14g and a standoffof approximately2 m. In additionto these properties,

this configurationhas a variablefocal lengthcapabilityallowingthe lens

to be used from as close as 1 m to distancesgreaterthan g m.

There are some slightdifferencesfor the calculatedspot sizes and

f-numbersbetweenthe previoussingle lens systemand the long standoff

system. These differencescan be acceptedsince the calculationsare for

ideal lenseswith the 150 mm compoundlens considereda single thin lens for

computationalease. Data collectedwith the long standofflens at a variety

of distancesfrom the tile surfacehave been in excellentagreementwith data

collectedusing the 100 mm focal length lens.b

Fieldingan inspectionsystemwill be much easier becauseof the new

lensingarrangement. The wide range in the standoffdistanceprovidesfor

easy accessto more orbitersurfaces. Additionally,focusingis facilitated

by the presenceof the compoundlens. Autofocusingwill be easy to implement

using a servo mechanismto positionthe focusingring.

5
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TILE RESPONSESTUDIES

The goal of the tile responsestudieswas to developan empirical

understandingof the bonded and unbondedvibrationsignaturesof the acreage

tiles that cover the undersideof the orbiter. These tiles are all

approximatelysquarewith similardimensions. The experimentalapproach

concentratedon controlledunbondingexperimentsusing "pedigree"tiles

providedby Lockheed. These tiles have identicalgeometry and were made from

the same batch of silica fibers. These tiles were used to reduceeffectsdue

to differencesin tile geometry. A limitednumber of unbond geometrieswere

simulatedwith a vacuummountingfixturespeciallydesignedfor this

project. The experimentalwork clearlyshows that bond conditionaffects

tile responsein consistentand quantifiableways.

This sectionfirst describesthe vacuummounting fixture,and then

presentsthe experimentalresults. A number of candidateunbond signatures

have been identifiedand are discussed. The effectsof a numberof factors

other than bond condition- fillerbar, glass coating,water ingress,and

strain isolationpad (SIP) aging - are also addressed. A brief description

of some preliminarymodelingattemptsconcludesthis section. Only limited

effortshave so far been devetedto modelingthe vibrationalresponseof the

tile/SIPsystem. The discussionof modelingstressesthe importanceof

usefulphysicalmodels for interpretingresultsand predictingtile

behavior. An expandedrole is anticipatedfor modelingin futureresearch.

VacuumChuqk

During Phase I unbondswere simulatedby first bondingthe tile to an

aluminumplate and then slicingthroughregionsof the SIP with a razor blade

to mimic unbonds. An easier and more repeatablemethod of simulatingunbonds

was needed,so a vacuumchuck for easy simulationof unbondswas developed

during Phase II. The vacuum chuck is an aluminumplate with a nearly square

array of vacuumholes, slightlysmallerthan the 5 x 5 in. SIP (FigureI).

When the SIP is mounted backwardson a tile, such that the RTV side faces

out, the tile can be securelyheld by placingthe RTV-sealedSIP againstthe

face of the chuck and drawinga vacuum. Unbondsare simulatedby tapingover
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Figure I. Vacuumchuck.

regionsof vacuum holes. Tests were conductedto determinethe repeatability

of tile responsewith bonds simulatedusing the vacuum chuck. Tiles mounted

on the vacuum chuck and remounteda few weeks later showed essentiallythe

same dynamicresponse. One such result is shown in Figure 2, a displayof

spectrafrom the centerpoint of tile 8122 collectedthree weeks apart.

The effect of vacuum strengthon tile responsewas also investigated.

" Figure3 shows that dynamicresponseis not seriouslyaffectedby drops in

vacuum of a few inchesof mercury. Figure3a shows spectrafrom tile 8122 as

vacuum is reduced,Figure3b shows timc seriesdata. This information

providesassurancethat variationsin responsecharacteristicsare due to

changesin bond condition,not to variationsin vacuum strengthfrom one

mountingto another.
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Figure Z. Vacuumchuck repeatability test. To evaluate the repeatability of
the vacuumchuck mount, data were collected from Tile 812Z on two
occasions, three weeks apart.

Tile BondAn_ly_i_

The centralthesisof this work is that bond conditioncan be determined

by studyingthe vibrationalresponseof a tile excitedby acousticalenergy.

The vibrationalmodes of a TPS tile can be of eitherthe rigid body type or

the flexuraltype. In rigid body modes, vibrationresultsfrom rocking,

, piston,or twistingactionsof the rigid tile againstthe spring actionof

the SIP. Twistingmotionswill not be consideredhere becausethe

displacementsensorsused for this work only detectmotion normalto the tile

surface. In the flexuralmodes the tile bends as it vibrates;tile stiffness

providesmost of the spring action. For TPS tiles examinedso far, the

frequenciesof the two types of vibrationalmodes fortuitouslyseparateinto

distinctnonoverlappingranges the rigid body modes appear below 1400 Hz,

while the flexuralmodes appearabove 1600 Hz. This separationaids in the

interpretationof some of the phenomenaobserved in tile vibrational

response.

Investigationshave centeredon identifyingresponsecharacteristicsthat

reliablypredictunbonds. The resultsdiscussedbelow were primarily
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Figure 3. Frequency (a) and time domain (b) responses for four vacuum
readings at the vacuum chuck.
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obtainedwith the pedigreetiles,using the vacuum chuck to simulate

unbonds. A numberof characteristicshave emergedas promisingunbond

indicators. They are listed here and explainedin the text which follows:

I. Downwardfrequencyshift of rigid body modes.

2. Amplitudeof the vibrationalresponse.

3. Elongationof initialoscillationsin transienttile response.

4. Asymmetricalresponsecharacteristicsin unbonoedtiles.

DownwardFrequencyShift of Riqid Body Modes

It was discoveredearly in this work that unbondsinducedownward shifts

in the resonancefrequenciesof some rigid body modes. The spectrum

displayedin Figure4 illustratesthis shift. In the case of the 47% unbond,

the overallshift to lower frequenciesof the rigid body resonancemodes is

fairlyobvious. Lackinga quantifiablemeasure,the shift is not as obvious

for the 20% unbond. Two facts are evidentin Figure4: not all resonance

peaks shift the same amount,and amplitudesof the peaks are affectedby

unbonding. The complicatedstructureof the spectrasometimesmakes it

difficultto determinethe overallfrequencyshift. Effortsto develop

quantifiablemeasuresof frequencyshifts in the rigid body modes were

undertakento removesome of the uncertaintiesassociatedwith this unbond

indicator.

In order to quantifythe frequencyshiftsas unbondingprogresses,a

measureof the center frequencyfor each unbond conditionis needed. Four

measuresof the center frequencyof the rigid body modes were developedand

evaluated. All operateon spectraover the rigid body frequencyrange of 0

to 1400 HZ. Spectraare calculatedusing fast Fouriertransform(FFT)

withoutwindowing. The magnitudeof the FFT terms is used in two of the

center frequencycalculationmethods;magnitudesquaredis used in the

remainingtwo. The four methodsof calculatingcenter frequencyare as

follows:

I0
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0 5_ 1000 15_ 2000 25_ 3000
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Figure 4. Downwardfrequency shifts as unbonding increases.

Median Frequency I. The area under the spectrum to the left of the

median frequency is equal to the area under the spectrum to the right.

Magnitude of the FFT terms is used for spectral amplitude.

AmplitudeMoment I. This method is definedby the followingequation:

£

fc " J fA(f)
df

where

• f is frequency,

A(f) is spectralamplitude,and

fc is the calculatedcenter frequency.

The magnitudeof the FFT terms is used for the spectralamplitude.

11
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Median FrequencyII. Same as Median FrequencyI except squaredmagnitude

of the FFT terms is used.

AmplitudeMoment II. Same as AmplitudeMoment I except squaredmagnitude

of the FFT terms is used.

The four methodsare similarand might be expectedto yield similar

results. The fact that they do indeedpredictunbondsin a consistentmanner

suggestsa robustnessto the generalapproach. The performanceof all four

methodsis describedin some detail in the following.

The methodswere evaluatedby applyingthem to data collectedduring

unbondingexperimentswith the three pedigreetiles: 9073, 9074, and 9075.

The vacuumchuck was used to simulateunbonds. Data were collectedfrom the

three tiles under four bond conditions: fully bonded,25% unbonded,50%

unbonded,and 100% unbonded(backshopmeasurement). The 25% unbondwas a

2-I/2-in.squareregion in the upper right cornerof the 5-in. squareSIP.

The entiretop half of the SIP was unbondedin the 50% unbond tests. The

100% unbonddata was collectedwhile the tile was lying face-upon the

opticaltable; this is also referredto as a backshopmeasurement. Filler

bar was presentfor all measurements,exceptof course for the 100% unbond

case. Data were collectedat three points on each tile, top center,center,

and lower center,as illustratedin Figure5. The spectracollectedand the

center frequenciescalculatedby the four methodsfor tile 9073 are presented

in Figures6 through8. Similardata were collectedfrom the other two

pedigreetiles. Resultsfrom the three tiles are summarizedin Figures9

through11.

The four measuresof center frequencyare in substantialagreement. For

top centerand center point data, all four methodsindicatea shift to lower

frequencieswith increasedunbonding. For lower center point data the four

methodsare likewisein agreement,althoughthe shift to lower frequencies

with unbondingis not indicated. The AmplitudeMoment I method displaysthe

least tile-to-tilevariance,which may indicatebetter noise tolerance.

12

1989015886-020



TL TC TR

CL C CR

LL LC LR
30mm-II_ (])

30 mm

r Pointmeasurementlocations
9.4081

Figure 5. Vibration measurement points.

The shift in the center frequency for the rigid body modesappears to be

a reliable unbond indicator when the sample point is over or close to the

unbond region. Whenthe sample point is on the opposite side of the tile

from the unbond region, the shift seemsabsent. The reason for this behavior

has not been thoroughly investigated, although an explanation has been

hypothesized. The shifts observed at the top center and center points can be

reasonably explained by considering the tile to behave as a mass on a spring,

the SIP being the spring. As the tile is unbonded, the spring is weakened.

Since the natural frequency of a mass-spring system is proportional to the

square root of the spring constant, weakening the spring lowers the frequency

o£ the vibration. The explanation for the seemingly anomalous behavior at

the lower center point is thought to have something to do with the migration

of rocking modenodes. A rocking modenode can be thought of as the fulcrum

13

1989015886-021



Tile 90731 fAmplitude Moment I Tile 9073i
Median Frequency l 4824 I 4804

/t A Fully bonded 'I il ; _ Fully bonded

ril _ _1685 691

, unbond unbond

q

' 2_1497 554

_bond ,S~ _._= 100°/ounbond___
I I I I I

Median Frequency II 4819 Tile 9073! Amplitude Moment II 772 Tile 9073

I

unbond /1! n _ 25%unbona

_1466 11486

/n/J!-_ 100%un100%unbond /.,__... 100% unbond
T I 1 _ 1 1

0 400 800 1200 1600 0 400 800 1200 1600

Frequency (Hz) Frequency (Hz) 9.4073

Figure 6. Four methods of calculating center frequency applied to data
collectedfrom the top center point of tile 9073.
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Figure 7. Four methodsof calculating center frequency applied to data
collected from the center point o_ tile 9073.
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about which a tile rocks. The measuredamplitudeof a rockingmode will be

affectedby the proximityof the samplepoint to the fulcrum. The amplitude

at pointsnear the fulcrumwill be less than at points far from the fulcrum_

Pointson the fulcrumwill have zero amplitude,and that particularrocking

mode will go undetected. As the top regionof a tile is unbonded,it _

thoughtthat some of the rockingmode nodes migratedownward,away from the

unbondedregion,deeper into the bondedregion. Consideringthe tile to be a

rigid body connectedto a bed of springs,unbondingamountsto removing

springsin a region. As unbondingprogresses,the fulcrumabout which the

tile rocks migratestowardthe centerof the regionof remainings_rings. As

the fulcrummoves closerto a samplepoint in the bondedregion,the

associatedrockingmode will contributeless to the overallmotion of the

vibratingtile. Hence, the frequencyshift affectingthis mode will be less

detectable. Other modes and other affectswill then dominatethe tile

vibrationalresponse.

The explanationspresentedabove could be verifiedif nodes could be

trackedduring unbondingexperiments. This has provendifficultto do using

speckleinterferometry(Sl),the standardtechniquefor visualizingnodes.

The difficultystems from the fact that a single rigid body mode can usually

not be excitedby itself. Rigid body resonancemodes overlapbecausethey

tend to be broad (dueto damping),closelyspaced,and coupledby frictional

forces. The sinusoidaltone used in SI usuallyexcitesmultiplerigid body

resonancemodes, making visualizationof individualnodes difficultor

impossible.

Interestin node trackingtranscendsthe desire to explainobserved

frequencyshifts. Knowledgeof the behaviorof individualresonancemodes,

especiallythose most affectedby unbonding,would be invaluablefor

evaluatingbond condition. Unbond indicatorsresultingfrom such an

understandingof mode behaviorwould probablybe more usefulthan the largely

empiricalindicatorsidentifiedso far; supportedby a better understanding

of the physicalphenomena,they would probablybe more predictableand

accurate. It is hoped that modal analysistechniques,employingpoint sensor

data, will provideinformationnecessaryto understandthe behaviorof

individualresonancemodes.
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Center frequency(as definedabove)shows promiseof being a reliable

unbond indicatorwhen the samplepoint is near an unbond. To use center

frequencyfor unbond determination,the "good"center frequencymust be known

beforehand. It may be possibleto determinethis from knowledgeof tile

geometry,unlesscenter frequencyis very sensitiveto minor variationsin

geometryor to randomvariationsintroducedduringmounting. If it is

sensitive,center frequencymay still be used for bond analysis,but it would

• requirean empiricaldeterminationof the "good"value aftermounting. The

techniquewould not then be usefulfor inspectinginitialtile

installations. Rather it would be used for postflightexaminations. Results

obtainedfrom the pedigreetiles suggestthat "good"center frequenciesmay

be accuratelypredictedfrom nominalgeometries. More study of center

frequencyand the factorsthat affect it is required.

The measureddynamicresponseof a tile with an unbonddependson the

relativelocationsof samplepoint and unbond. As previouslystated,the

frequencyshift of the rigid body modes is obviousonly when the samplepoint

is in the proximityof the unbond. This is not necessarilya bad situation.

As will be discussedlater,asymmetricalbehaviorof an unbondedtile could

be the footprintused to detect the unbond.

Amplitudeof the VibrationalResponse

Largervibrationalamplitudeshave been found to correlatewith unbonds.

Figure 12 shows time seriesdata collectedfrom tile 9074. A rolationship

betweenamplitudeand the presenceof an unbond is evident. However,as

illustratedin Figure 13, amplitudaalso dependson the relative.locationsof

unbondand samplepcint. The samplepoint is the same for all five plots in

Figure 13, the lower right corner. The speakerpositionis also the same for

all five plots, to the left of thetile. The peak-to-peakamplitudeis

largestwhen the unbond is acrossthe bottom. When this is the case, the

samplepoint is over the unbond,and the peak-to-peakamplitudeis double tne

amplitudeof the fully bondedtile. When the unbond is along the right side,

the sample point is also over the unbond,but the increasein amplitudeis

only 36%. When the samplepoint is not over the unbond,the increaseis

absentor less evident.
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Tile 9074
Fully bonded
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25% unbond
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Time(s) 9.4070
Figure 12. Effects of unbondon amplitude.

The amplitude data discussed here were not collected with the point

sensor developed for this work. That sensor has someoutstanding

characteristics, but providing measurementsof absolute amplitude is not one

of them. The problem stems from the fact that measurements are proportional

to brightness of reflected light as well as displacement. The reflectivity

of tiles varies from point-to-point, thereby precluding comparison of

amplitude data from two different points on a tile. Amplitude data were

collected with a laser vibrometer that required the attachment of a mirror to

the tile. The vibrometer is not considered fieldable because of the mirror

requirement. A new or modified sensor would be necessary if amplitude is to

be used as an unbond indicator. The existing sensor could be used if it were

possibleto calibrateit at each samplepoint, and a fairlysimplemethod of

calibratingthe currentsensorusing a dither signalhas been proposed. If

amplitudeis determinedto be a necessarymeasurementfor unbonddetectionit

is felt that an appropriatesensorcould be developedwith existing

technology.
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Tile 9074
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Time (S) 9.4065

Figure 13. Effects of location of unbondon amplitude.
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Elonqation of Initial Oscillations in Transient Tile Response

The first few milliseconds of tile vibration following excitation exhibit

a characteristic that predicts unbonds in the pedigree tiles. This

characteristic is the duration of the First few oscillations in the time

series data. Figure 14 shows the first three milliseconds of time series

data for three bond conditions. As unbonding increases an elongation of the

oscillations occurs and the time between zero crossings increases. This

phenomenon may be the time domain equivalent of the downward frequency shifts

observed in the rigid body modes. If so, there may be little to gain in

studying both phenomena because the bond condition information contained in

one may be duplicated in the other. On the other hand, the two may not be

that closely related. The time domain phenomenon may provide information

about resonance modes not observable in spectra estimated using fast Fourier

transform techniques since they necessarily represent time averages of the

100

Tile 9074

50% unbond(across bottom)

25% unbond(lower

-10( l I
0 0.001 0.002 0.003

Time(s) 9.4069

Figure 14. Effects of unbond on initial oscillations.
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frequencycontentof a signal. The frequencycontentof a transientprocess

such as tile dynamicresponsechangeswith time (the processis

nonstationary).A time averagemay not representthe frequencycontentat a

particulartime well, especiallyif dominantresonancemodes at that time are

rapidlydecaying. Hence,there is reason to continueconsiderationof this

time domain unbond indicator.

Unbondeffectson initialoscillationsare affectedby the relative

locationsof sample point and unbond. Elongationof initialoscillations

diminishesas the distancebetweensamplepoint and unbond ircreases.

Evidencesuggeststhat the relativepositionsof speakerand unbondmay also

be significant. This is very similarto the behaviorof unbond indicators

alreadydiscussed. The data from unbondedtiles plottedin Figure 14 were

collectedat points over the unbonds.

AsymmetricalResponseCharacteristicsin UnbondedTiles

The tile responsecharacteristicsdiscussedabove exhibita dependenceon

the relativelocationsof samplepoint, unbond,and speaker. This behavior

suggeststhat an asymmetricalresponsemay be usefulfor identifying

unbonds. Asymmetricalbehaviorof an unbondedtile is illustratedin

Figures15 and 16. The top two plots in Figure 15 show the responseof a

bondedtile at two measurementpoint locations,top left and top right. The

bottomtwo plots show the responseof an unbondedtile at the same two

measurementlocations. Speakerpositionis the same for all these plots and

the locationof the unbond is the same. It is apparentthat the differences

in top right and top left spectraare greaterwhen an unbond is present.

Figure 16 shows the effectsof varyingthe speakerposition. The top two

plots show the effect on a bondedtile of moving the speakerfrom side to

side while keepingthe measurementpoint locationfixed. The bottomtwo

plots show the effecton an unbondedtile (same unbondlocation). The

spectrumat a given point is apparentlymore sensitiveto changesin speaker

locationwhen an unbond is present.
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Tile 9074
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Figure 15. Effects of sample point, location.
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Tile 9074,Top Right Point
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Frequency (Hz) 9.4068

• Figure16. Speakerpositioneffects,tile9074,top rightpoint.
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This unbond indicatoris particularlyattractivesince it does not

requireprior assumptionsabout "good"tile behavior. It is based on the

followingtwo premises:

I. An asymmetricalbond resultsin asymmetricaltile dynamicresponse

characteristics.

2. Asymmetricalbehaviornormallyobserved in bondedtiles is much smaller

than asymmetricalbehaviordue to significantunbonds.

More work is requiredto verify these two assumptions,as well as devise

a method of quantifyingspectralasymmetry. Finally,it is clear that this

unbond indicatorwould not be expectedto be effectiveat detecting

symmetricalunbonds.

FillerBar

Most of the experimentalwork conductedduring Phase I was done on tiles

withoutfillerbar. With the developmentof the vacuum chuck, it became

possibleto conductexperimentswith filler bar. Consequently,most of the

resultsobtainedduring Phase II includefillerbar. Figure 17 shows the

effectof filler bar on tile dynamicresponse. Fillerbar seems to have an

overallstiffeningeffect,resultingin upward frequencyshifts in both

flexuraland rigid body modes. The effectof fillerbar is significant,thus

fillerbar must be used to accuratelyassesstile response.

Glass Coatinq

The effectof the glass coatingon tile dynamicresponsewas

investigated. Three identicaltiles of LI900 materialwere prepared,two

from the same batch of silica (tiles9091 and 9092). Tile 9091 receivedthe

glass coating,the other two were left uncoated. The responseof the three

tiles appearsin Figure18. The glass coatinghas little effecton rigid

body modes, which primarilyoccur below 1400 Hz, but has a significanteffect
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Figure 17. Filler bar effects.
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Figure ]8. Effects of glass coating.
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on flexuralmodes. In particular,the strongestflexuralmode observed in

these tiles experiencesan upwardshift of more than 500 Hz due to the

coating. This behavior is consistentwith currentunderstandingof the

natureof rigid body and flexuralvibrationalmodes. The glass coating

stiffensthe tile withoutaffectingthe characteristicsof the SIP. This

stiffeningwould be expectedto affectonly the flexuralmodes.

Water |nqre@@

Preliminarystudieswere conductedto estimatethe sensitivityof the

laser point sensorto absorbedwater. Tile INL-01was baked out and bonded

to an aluminumplate. Fillerbar was not includedin this preliminary

experiment. Tile responsewas measuredat three points beforethe

introductionof water. Water was injectedinto the tile at six injection

points,identifiedin Figure 19. Initially,two grams {1% of tile weight)of

water was distributedequallybetweeninjectionholes I through3, and tile

dynamicresponsewas measured. This processwas repeatedfor 2 and 5% water

contentalso. Finally,an additional5% water was distributedbetweenholes

4 through6, and the dynamicresponsewas measured. In this last experiment

total water contentwas 10%. The resultsappear in Figure 20. These

preliminaryresultssuggestthat small quantitiesof water do not have a

significanteffecton tile dynamicresponse. The most notableeffect is to

the dominantflexuralmode around2500 Hz. The frequencyof this mode shifts

downward _lightlyand the amplitudeincreasessomewhat. Further

investigationsare warrantedin this area,

SIP AainQ

Preliminarystudieswere conductedto ass_s the effectsof SIP aging on

tile response. This is an importantissue since bond verificationin the

field will have to accountfor aging phenomena. The aging studieswere

conductedon tile INL-02. Experimentswere designedto be consistentwith

the fatiguebehaviortests reportedby P. O. Cooper and J. W. Sawer.I

Tile INL-02with 0.160 in. SIP was bondedto an aluminumplate with

filler bar. Tile responsewas measuredbeforethe aging processbegan. The
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Figure 19. Water injectionpeints.

tile/SIPsystemwas then stressedin an Instrontensiletestingmachine. The

aluminumplatewas clampedto a rigid fixtureand a vacuum fixturewas

attachedto the face of the tile. A 5 in. diameterO-ringwas used to

providea jood seal betweenthe vacuum fixtureand the tile face. Using this

setup,a vacuumof 9.82 psi was obtainedbetweenthe vacuum fixtureand the

ti;e face.

A fully sinusoidalload of 145 Ib or 5.8 psi was placedon the tile/SIP

system. After the first cycle, a displacementof 0.1 in. was recorded.

Fortymore cycleswere run, and the displacementappearedto remain

constant. A cycle of 160 Ib or 6.4 psi was attempted,but the seal broke at

149 lb. The dynamicresponseof the stressedtile was then measured.
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Figure 20. Water ingress test data.
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The tile/SIPsystemwas stresseda secondtime. A soft rubbergasket,

0.5 in. thick,was used this time insteadof the hard rubberO-ring. (The

O-ring had crackedthe glass coatingof the tile during the first test and a

vacuumcould no longerbe maintainedusing it.) With the soft rubbergasket

a vacuumof 10.8 was obtained. This allowedthe fully sinusoidalloadingto

reach a maximumof 165 lb or 6.7 psi. The loadingwas cycled at 3.7

cycles/minutefor 75 minutes. This correspondedto 260 cycles. During this

time the total displacement(includingthe stretchingof the soft rubber

gasket)was a constant0.15 in.

Resultsappear in Figure21. The first two plots in the figure

illustratethe variationsthat can be introducedby simplyremountingthe

aluminumplate on the holder in preparationfor measuringthe dynamic

response. C-clampsare used for this process. Variationsin the tightness

or positionsof the clampsapparentlywarp the plate enough to cause

measurablechangesin tile response. The third plot shows the responseafter

stressingthe tile/SIPsystemthe first time. The fourth plot shows the

responseafter remounting. The fifth plot shows the tile responseafter

stressingthe tile/SIPsystemthe secondtime.

The dominantflexuralmode shiftsdownwardin frequencyby 35 to 50 Hz

each time the tile/SIPsystem is stressed. Althoughchangesin rigid body

modes are evidentafter the tile has been stressed,no clear characterization

of the changeshas yet been discovered.

Modeling

Modelingof the tile/SIPsystem is necessaryto gain an understandingof

the observedphenomenaand to predictbehaviorunder variousinspection

conditions. Withouta model, there is less confidencein the bond condition

inferredfrom empiricalevidencebecausethe evidenceis not understoodin

the sense that the underlyingphysicsis unknown. Interpretingunusualor

unexpectedbehaviorand predictingbehaviorunder new circumstancesare less

accuratewhen the physicsis unknown. An inspectionsystemdesignedto

operateonly on empiricalevidencewould be more complexand more expensive

than one based on knowledgeof the physicsof tile vibration.
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" Figure 21. SIP aging.
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Tile vibrationalresponsedata that have been collecteddisplaymany

characteristicsthat cannotbe explainedat this time. Explanationsare

usuallysought in terms of resonancemode behavior. The followingare a few

unresolvedissuesregardingresonancemode behaviorthat a successfulmodel

could help solve:

• What modes are most affectedby unbonds? Which are affectedby changes

not relatedto bond condition? How can we tell them apart?

e What complicatingnonlinearitiesaffect tile vibrationalbehavior?

e How can particularmodes be excitedor otherwiseexaminedapart from all

other modes?

o How many significantmodes exist?

• How are differentresonancemodes coupled?

e What is the natureof the damping in the tile/SIPsystem? Is it linearly

proportionalto velocity,or more complicatedin nature?

Answersto these and other questionsabout the physicsof tile vibration

would aid immenselythe effort to interpretthe physicaldata and determine

bond condition. For example,a model might indicatethat a particularmode

is affectedmuch more than othersby unbonds. If a way could be found to

examinethat particularmode (themodel might suggesta way) and determine

its amplitude,frequency,and dampingrate, it might then be possibleto

definitivelyidentifyunbonds.

The modelingeffort has so far been limitedto evaluationof two

preliminarymodels. The first is based on simpleassumptionsabout damping

and the relationshipsbetweenmodes. This model predictsonly the general

form of modal behavior,as will be discussedbelow,rather than actual

responseto a given excitation. The physicsof the tile/SIPsystemdoes not

explicitlyenter into this model. A secondmodel was investigatedthat does

considerthe physicsof the tile/SIPsystem. The detailsof this model are

also discussedbelow.
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The model of generalmodal behaviorpredictsthat tile responsecan be

representedas the sum of severaldampedharmonicoscillators,i.e.

v(t) = _Ane'_ntcos(_nt+¢n).

This predictionis based on the followingassumptionsabout the physicsof

the tile/SIP system:

• The variousresonancemodes are unJoupled(thereis no energy transfer

betweenmodes).

• Dampingof each mode is linearlyproportionalto velocity.

The model was evaluatedby comparingits predictionswith experimental

data. A sophisticatedalgorithm2 was implementedfor estimatingthe

parameters(amplitude,dampingrate, frequency,phase) of the resonancemodes

representedin the above equation. The resultsindicatedthat the model is

too simple. A good fit could not be made to the data unless far more terms

(50 or more) were includedthan seems reasonable. Also, small changesin the

data resulted in large differencesin the estimatedresonancemode

parameters.

lladthis modelingattemptmet with more success,a high resolution

resonancemode identificationtechniquewould have resulted. The goal of

being able to identifyand track individualmodes would have been realized.

Althoughunsuccessful,the attempthas definitelyresultedin a better

understandingof tile vibrationalresponse.

The secondmodelingstudy involvesprimarilythe mathematicalanalysisof

a very simplifiedphysicalrepresentationof the tile/SIPsystem. The

approachis to treat the tile/SIPas a systemof coupledharmonicoscillators

and use Lagrangianmechanicswith generalizedcoordinatesto set up the

equationsof motion. This reducesto determiningexpressionsfor the kinetic

" (T) and potential(U) energyof the coupledoscillators,calculatingthe

Lagrangian(T-U),and then applyingthe Lagrangianequationsof motion. The

solutionsto the coupleddifferentialequationsthat resultwill define the

eigen frequencies(i.e.,resonances)of the system.
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For illustrationconsiderthe simplecase where a plate of mass M is

supportedat its cornersby four identicalsprings. In this simplemodel the

plate is constrainedto piston like motionsalong the x3 axis and two rocking

modes about two orthogonalaxes, xl and x2. For this system the generalized

coordinatesare x3, 0, and @, where 0 and @ are the angles of

the rockingmotions. If the plate has dimensionsof 2A and 2B, the

Lagrangianequationsof motion are:

x3 $ k x3 = 0

MB2 ,,
T # + 4KB20 = 0

MA2 .
T @ + 4KA2@ " 0

Assumingsolutionsof the form xi - Aie-J(_it+ 6), this systemof

coupledequationsyields eigen frequenciesof:

(ax = _ (aO, (a¢ =_M

This analysispredictsthat the two rockingmodes are degenerateand

higher in frequencythan the fundamentalpistonmode by a factorof 1.73.

Intuitivelyone can see where a change in the spring arrangementto

simulatean unbondwould break this degeneracyand create three distinct

motions. It also predictsthat the frequenciesfor a given mode should
seale as

This seems to be born out in the analysisof data from tiles of differing

mass. Table I shows how masses and frequenciescomparefor the mode of

highestfrequencyon severaldifferenttiles. The mode of highest

frequencyis used as it is difficultto identifycommon modes between

tiles. By using the highestfrequencypeak, some consictencyis
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introduced. The first tile in the table (8122)is used as a baselineto

calculatean artificialspringconstantused in the calculationsfor the

other three tiles. The observeddiscrepancyin tile 8387 is being

investigated,but the agreementfor tiles 9075 and 8491 is quite good.

• The value of this method in modelingthe tile vibrationis yet to be

proven,but it does providea possibleapproach. Obviouslythis model

does not incorporatethe flexuralmodes. The complexitiesof the real

situationwill ultimatelyrequirea more realisticmodel. The SIP is

known to be a nonlinearspring,for example. Nonetheless,useful

informationm_,ystill be obtainedfrom this approach. The intent in this

phase of the work is only to exploreand identifypossiblemodel

approaches,which can then be pursued,as appropriate,in subsequent

phases.

TABLE I. VARIATIONSIN RIGID BODY VIB_TION FREQUENCYWITH CHANGES IN MASS

HiqhestMode Frequency(Hz)

Tile Number Mass (a) Estimated Observed

8122 141 660 660

9075 183 581 577

8387 200 554 589

8491 275 472 470
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FIELD TESTS

The field tests that were conductedin July of 1988 verifiedthat tile

resonanceswere detectablein the Orbiter ProcessingFacility(OPF)

environment. However,the measurements,which were made on the Orbiter

Columbia,also showed that the sensor responsewas complicatedby ambient

motionof the orbiter. While small (-10_m at 20 Hz), these motionswere

also detectedby the sensorand frequentlymasked the inducedexcitation.

Becauseof this a fieldablesystemwill requireeithermodificationof the

sensoror modificationof how the resonanceinformationis extractedwith the

existingsensor. Detailsof these optionsare given below and an evaluation

of these approachesis being conductedas part of ongoingwork.

The field tests establishedthat the vibrationisolationof the sensor

system,the long focal length optics,and the excitationmethodscould

functionin a field environment. There was no difficultyin obtainingan

adequatereflectionfrom the normaltile surfaces,and the pneumatictires on

the cart carryingthe laser providedsufficientvibrationisolationfor the

system.

There are at least two approachesto overcomingthe difficultycaused by the

ambientmotion of the orbiter. The first would be to modify how the data are

analyzedso that the sensornonlinearitiesdo not obscurethe desired

information. This would be possiblebecausethe large-amplitudeambient

vibrationsdo not changethe physicsof how the bond affectsthe tile's

dynamicresponse;a differentmeasurementtechniquemay be required,but the

effect is still there. Some examplesof such a modificationwould be to

confinethe analysisto the first 5 ms after excitationor to measurepeak

amplitudesof resonancevibrationsinducedby a CW tone. This latter

techniquewas actuallyused during the field test at selectedresonances.

The second approachwould be to continuesensordevelopmentto obtain a

sensorthat is linearover the requiredrange of vibrations. The approach

taken to date has been to use the existingsensorcapabilityunless and until

it is necessaryto expend additionalresourcesto bu_ d a heterodynesensor.

With this type of sensor the ambientvibrationwould just be filteredout.

These and other possibleapproachesare being evaluated.
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One of the most significantresultsof the field tests is that the

responseof the tiles on the Orbiterwas similarto that observedin the

laboratory. While it was not possible,nor was it the intent,to vary bond

conditionson the tiles examined,it was possibleto excite resonancesand

measuretheir existencewith the acousto-opticsensor in a differentfashion

• than the standarddata collectionmethod. Quantificationof the ambient

vibrationsof the OPF environmentwas also significantas their impactcan

now be incorporatedinto any subsequentdesignof analysistechniquesand/or

sensors. In short,the field tests have provideddefiniteevidencethat will

guide both the analysisand sensordesign.
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CONCLUSIONSFROM PHASE II WORK

Phase II of this projecthad two basic objectives. The first was to

continuedevelopmentof the sensingtechnologyto the point where preliminary

field measurementson the Orbitercould be made. This goal was achieved,

thanks in large part to the developmentof the long focal length optics.

Valuableinformationwas obtainedfrom the field experimentsthat clearly

identifiesareas where futureeffortsshouldbe made.

The secondgoal was to advancethe state of understandingof the physics

of tile vibrationand vibrationmeasurementto the point where an informed

decisioncould be made whether_r not this approachis viable for field

detectionof real flaws on the OrbiterTPS. This goal was also achieved;

concentratingon the pedigreetiles, a numberof quantifiableunbond

signatureswere identified.

The followingconclusionssummarizethe resultsof Phase II work on this

project:

I. Vibrationsignaturesassociatedwith bond flaws are significant,

repeatable,and consistentbetweensimilartiles with similarbond fla,vs.

A numberof promisingbond flaw signatureshave been identified. These

signaturesare quantifiableand consistentamong the pedigreetiles.

Signaturesincludefrequencyand time domain featuresof the dynamic

responseas well as symmetryobservations.

2. The measurementtechniquesdevelopedfor this projectwork in a field
environment.

An opticaltable is not requiredto make extremelysensitivedisplacement

measurements;the sensorcan operatein normalworkplace"noise."

3. ModiFicationsto the sensoror to analysistechniquesare necessaryto

accommodatethe large ambientmotion presentin some areas of tne

orbiter.
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The field tests revealedthat the ambientvibrationof the orbiteris too

large for the currentsensingmethod and/oranalysistechniques. The

currentsensor is very good at sensingvibrationsw,th peak-to-peak

amplitudesless than 0.5 #m. Motionsgreaterthan 13 # were

measured in some areas of the orbiterduring the field tests.
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RECOMMENDATIONSFOR PHASE Ill WORK

Knowledgegainedduring Phase II clearly indicatesthe course of work

necessaryto convertthis technologyinto an inspectiontool for regularuse

in an operationalenvironment. Modificationsto the currentsensorare

neededto providethe capabilityto obtainmeasurementsfrom all areas of the

Orbiter. Laboratorywork with a broadervarietyof tiles is requiredto

extendthe currentunderstandingof unbondeffectson tile response. A

seriousmodelingeffort is needed,in conjunctionwith the laboratorywork,

to understandthe physicsof tile vibrationphenomena. And, finally,

hardwareand softwarethat are compactand easy to operatemust be designed

and developed.

The followingis a descriptionof proposedPhase Ill work brokendown

into tasks:

I. RequirementsDefinition- Presenta universeof possibilitiesof how a

systemmight functionto be added to, subtractedfrom, or otherwise

enhancedby NASA and their designatedcontractors. The outputwill be a

specificationfor a prototypesystemand a conceptfor how it will be

used in the OPF.

2. Model Phenomena- Construct,buy, or otherwiseobtain usefulmodels For

both the rigid body and flexuralmodes. Use these to study

representativetiles and bond situations. Verify modelswith

experimentalmeasurements. Minimumutilityis definedby the models'

abilityto predictspectralchangesdue to bond condition. It would also

be desirable(but not necessary)for them to predictsensitivities,

couplingeffects,and effectsof tile-to-tilevariations.

3. Design and Fabricationof SignalAnalysisHardware- Convertthe DEC

system to a compactfield versionthat includesall data acquisitionand

analysiscapabilities. Make provisionsfor tie in to KennedySpace

Center's (KSC) trackingsystems. Determineall other hardwareaspects

necessaryto meet design requirements.
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4. Optics Design and Fabrication Evaluateand selectfinal laser

technique. Resolveissuessuch as how to autofocus,vibrationisolation,

and physicallayout. Ensurecompatibilitywith other subtasksand all

safetyregulationsat KSC.

. 5. PrototypeTrials Conducttests at KSC and INEL to shakedownthe

system. Use at KSC will includethe developmentof a databaseon

. as-bondedtiles and replacements. In conjunctionw_th KSC, write and

implementpreliminaryoperatingproceduresand evaluatehow the

measurementprocessintegratesinto the workflow.

6. Final Revisionsand Report - Based on the prototypetrials,rework any

weak areas in the design,documentthe design for subsequentmodels,and

presentfinal report.
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